The need in fresh water for drinking and industrial applications is increased permanently. This challenge can be solved by using sea water desalination. One of the most popular methods of desalination of large volumes of water is a vacuum distillation technology. However, vacuum desalters need the optimization of their design and/or operation. The desalters' optimization is carried out with account for many diff erent parameters that aff ect their effi ciency. The purpose of the present work is a preliminary analysis of the infl uence exerted by the internal distiller vacuum level and by the salt concentration in sea water on the operation of the main distiller's construction units. It is shown that an increase in the vacuum
INTRODUCTION
Fresh water is needed for drinking and industry. Its availability presents a very great problem over a period of years. The growing demands for fresh water can be satisfi ed by desalinating salty water (salinity > 10 g/L) and brackish water (salinity 2-10 g/L). The salty and brackish water reserves are estimated at about 98% on the Earth.
Different ways of supplying fresh water in arid and semi-arid areas have been discussed for long. Some of them are very exotic or expensive. For example, the transportation of icebergs or building special ducts for the river water supply from water rich regions to arid ones. These methods have not been realized up to now. More practical approaches are based on distillation of sea water and waste water, because these types of water are available in large amounts over the Earth. These approach-es have already been successfully implemented in different regions and applications. However, the effi ciency of all water desalination technologies is not suffi cient enough. The technical effi ciency of the fresh water technology has to provide the producing of fresh water, whose price could be comparable with the price of the natural fresh water. In this case, the problem of fresh water supply could have been resolved (Allison and Gasson, 2004) .
Reverse osmosis of water distillation is one of the widely distributed technologies. Its power consumption is minimal for 1 m 3 of fresh water production (Attarde et al., 2017) . The exergy effi ciency attains 12% in the modern reverse osmosis facilities (Blanco-Marigorta et al., 2017) . The exergy effi ciency (or rational effi ciency) means the effi ciency of the process in which the second law of thermodynamics is taken into account. Hereinafter we calculate the exergy effi ciency using the ratio of the minimal power needed for desalination and of the current facility power (Blagin et al., 2016) . Another popular desalination method is electrodialytic techniques. This technology is applied for desalination of sea water and low-salinity waste water (salinity < 1 g/L) (Ryabchikov, 2004) . Power consumption is proportional to the equipment productivity for devices using such technology (Lopez et al., 2017) .
There are some new technologies of water desalination being developed nowadays. For example, in some cases, problem of fresh water can be solved using hydrates (Chernov and Dontsov, 2010; Chernov et al., 2015) .
Finally, the most common method of desalination with using waste heat is the vacuum distillation technology. Modern vacuum distillation plants consist of many stages. The plants use steam or compressor as a heat energy source (Morin, 1993) . The exergy effi ciency is about 8-10% of such a facility. This value is lower than that given by the reverse osmosis technolog y.
However, distillation plants using steam or compressor can operate for a long time, in contrast to reverse osmosis facilities (Blagin et al., 2016) . Thus, optimization of water vacuum distillation technology equipment is an important goal. Since a lot of factors affect the water distillation equipment operation, it is necessary to make an accurate analysis of the infl uence of each of these factors.
The purpose of the present work is an analysis of the infl uence exerted by the internal vacuum level of a desalter and by the sea water salinity value on the effi ciency of water desalination equipment. The equipment has been developed by the united efforts of the researchers of the S.P. Korolev Samara National Research University and JSC "Metallist-Samara."
EXPERIMENTAL FACILITY
The facility investigated belongs to the class of vacuum distillation equipment. The desalination process is carried out with the help of sequential liquid-vapor-liquid phase transitions. Steam is used as a heat source for the distillation process. It al-lows utilizing a waste heat, for example, the heat of waste water or of fl ue gases, etc.
One of the main parameters of desalination equipment effi ciency is gain ratio (GR). It is the ratio of the fresh water fl ow rate to the steam fl ow rate. The GR can be increased suffi ciently by using the regeneration process in a few sequential stages. The steam formed in the previous stage is used as a heat source for the next stage. The gain ratio in the modern desalination facility can attain 17 (Al-Najem et al., 1997) .
The scheme of the desalter investigated is presented in Fig. 1 . There are fi ve stages in our desalination facility. Steam, which is formed in the last 5th stage, is compressed in the centrifugal compressor 6. After compression it is used as a heat source at the fi rst stage of the desalter. Thus, our facility can be independent of any energy source. Due to this fact, the exergy effi ciency of the desalter increased from 2% to 8%.
The general description of the technological process is given below. After compression hot steam is fed inside the pipes of a vaporizer-condenser 1. Sea water is fed to the brine circuit of the fi rst stage and is spayed by special nozzles 4. The vaporization process takes place between the pipes of the vaporizer-condenser due to the fi lm boiling. Condensation of the hot steam occurs inside the pipes of the vaporizer-condenser. Steam formed between the pipes is directed inside the pipes of the vaporizer-condenser of the next stage for being used as a heat source. Fresh water condensed inside the pipes of the vaporizer-condenser 1 fl ows to the trash 2. Not all of the sprayed sea water is evaporated in the vaporizer. The remaining brine fl ows outside the pipes and is collected in the brine circuit. Then it is fed to the nozzles 4 of the next stage with the help of a circular pump.
FIG. 1: Scheme of the desalter
The pressure in each next stage is lower, than in the previous one. It provides the temperature difference between the hot and cold heat carriers. The pressure in each stage of the desalter is lower than the atmospheric one, so there exists a vacuum level in the facility. A decrease in the pressure is provided by a water-ejection unit, which pumps out part of the steam from between each stage pipes.
The part of fresh water condensed in the fi rst stage is mixed in a mixing-type heat exchanger 7 with the overheated steam after its compression to convert the steam into a saturated state.
Sea water temperature is about 5-20 o C. It has to be heated to the boiling temperature in the fi rst stage. Because of the vacuum level, the boiling temperature is 60 o C.
At the same time, the brine temperature is 68 o C, the fresh water temperature is 70 o C at the last stage outlet. The heat of the distillate and brine is used for heating the sea water with the help of heat exchangers 8 and 9 shown in Fig. 1 .
ANALYSIS OF THE INFLUENCE OF THE VACUUM LEVEL ON THE EQUIPMENT EFFICIENCY
Boiling (vaporization) and condensation processes occur at lower temperatures in vacuum desalters. It is one of the benefi ts of the equipment. However, it is necessary to determine the optimal value of the vacuum level. Optimization of the vacuum level is a complex task, because infl uences differently the processes in the facility units: vaporizer-condenser, heater, centrifugal compressor, and steam ejector. The vacuum level is defi ned as the ratio of the atmospheric pressure to the pressure in the last stage of the desalter:
(1)
1 Infl uence on Vaporizer-Condenser
The change of pressure in the internal chamber of the vaporizer-condenser leads to the change in the heat of vaporization, thermal conductivity and viscosity of the medium. This brings about the variation of the heat power and heat transfer parameters. The dependence of the heat of vaporization and boiling temperature on pressure is presented in Fig. 2 . As the pressure is in the denominator in Eq. (1), there is an inverse dependence of the vacuum level on pressure.
Increasing the vacuum level in the internal chamber of the vaporizer leads to a decreasing boiling point. At the same time, it is clearly visible in Fig. 2 , that an increase in the vacuum level, which causes boiling temperature to decrease from 60 o C to 50 o C, leads to an increase in the heat of vaporization. However, the increase in the heat of vaporization is about 1%. Thus, this change is very small and can be omitted. The infl uence of the vacuum level on the water dynamic (shear) viscosity η and thermal conductivity coeffi cient λ is shown in Fig. 3 and of the steam dynamic vis-
FIG. 2:
Dependence of the heat of vaporization and boiling temperature on pressure
FIG. 3:
Dependence of the water dynamic viscosity η and thermal conductivity coeffi cient λ on the boiling temperature cosity and thermal conductivity coeffi cient, in Fig. 4 . The same increase in the vacuum level, as described above, leads to the changes of the water and steam dynamic viscosity by 17.5% and 4.76%, respectively. The changes are 1.5% and 3.2% for the thermal conductivity coeffi cient of water and steam, respectively. All data used for comparison are known and published in Vargaftik (1975) .
The change in the viscosity is signifi cant. The viscosity defi nes the value of the Re number, which is one of the main heat transfer criteria (Mikheev and Mikheeva, 1977) .
So, the analysis allows making the following conclusions:
• The change in the heat of vaporization due to the change in the vacuum level has a weak effect on the heat and mass transfer processes in the vaporizer-condenser, and can be not taken into account; • The change in the thermal conductivity due to the variation of the vacuum level has a small infl uence on the heat and mass transfer and can be omitted also; • The change in the water and steam viscosity with a change in the vacuum level has the greatest effect on the heat and mass transfer processes in the vaporizer-condenser. This infl uence can lead to worsening of the heat transfer effi ciency. In this case, the heat exchange surfaces should be increased.
Infl uence on Heaters (Heat Exchangers 8 and 9)
Heat exchangers 8 and 9 are used for heating sea water before its feeding. They use the heat of distillate and brine in the last stage. Increasing the vacuum level leads to decreasing the boiling temperature. Thus, the value of heat for heating sea water is decreased. Besides, the heat transfer process depends on the thermal conductivity and viscosity, which are functions of the vacuum level, as showed above. The heat fl ux density in the exchanger needed for heating sea water is calculated as where C w is the sea water heat capacity, G w is the sea water fl ow rate, T boil is the boiling temperature in the last stage of the desalter, T env is the temperature of the environment (as the beginning temperature of the sea water), and F h is the heating surface area. An analysis of Eq. (2) allows one to conclude that a decrease in the sea water boiling temperature should cause a decrease in the heating surface area.
The change of the thermal conductivity and viscosity of the working medium due to the variation of the vacuum level in the heaters is similar to the change occurring in the vaporizer-condenser. However, this effect in the heaters is lower than in the vaporizer-condenser.
A quantitative analysis allows one to carry out the following estimations. Let,
The heat fl ux q in the exchanger can be determined by the following equation:
where α is the heat transfer coeffi cient and ΔT h is the temperature difference at the heat exchanger inlet and outlet. 
where c is an empirical constant, m is an empirical constant, m < 1, and l is the characteristic linear dimension, m. For the turbulent fl ow m = 0.8 (Blagin et al., 2016) , the Re number decreasing by 10% leads to a decrease in α by 8%. Equation (3) can be transformed as
For T boil1 = 60 o C
Taking into account that α 2 = 0.92α 1 , q 2 = 0.82q 1 , and ΔT h2 = ΔT h1 = ΔT h , we obtain
Thus, the decrease in the boiling temperature from 60 o C to 50 o C due to the vacuuming leads to a decrease in the heat transfer surface area by 11%.
So, the following conclusions can be drawn:
• The heat power needed for heating sea water depends linearly on the boiling temperature; • The heat transfer surface area is decreased with increasing vacuum level due to the fact that the heat power decreases more than the heat transfer coeffi cient.
Infl uence of Vacuum Level on Centrifugal Compressor Operation
The work of pressurization in the compressor depends proportionally on the working medium temperature. The increase in the vacuum level leads to the decrease in the temperature, which, in turn, leads to the reduction of the pressurization work required. On the other hand, the pressure difference in the vaporizer-condenser has to provide the necessary temperature difference. Increasing the vacuum level lowers the boiling temperature and increases the temperature difference. This leads to the need of increasing the pressure difference, so the compressor pressurization work should be increased. Finally, the dependence of the pressure difference on temperature is nonlinear. For example, the pressure ratio, corresponding to boiling temperatures of 60 o C and 70 o C, is 1.57. The ratio of the pressure for the temperatures 50 o C and 60 o C is 1.61. Thus, the compressor power depends on the vacuum level nonlinearly also. Let the pressurization process in the compressor be adiabatic:
Here N comp is the compressor power, G ni I is the steam rate, k is a steam adiabatic constant, R is an individual gas constant for steam, I last p is the steam pressure at the desalter last stage outlet, and II 1 p is the steam pressure at the desalter fi rst stage inlet. An analysis of Eq. (7) shows that the compressor power depends on the boiling temperature in the last stage of the desalter almost in reverse proportion. Thus, the compressor power increases by 4.3% with decrease in the boiling temperature from 60 o C to 50 o C.
Thus, the increase in the vacuum level requires an increase in the compressor power.
Infl uence of Vacuum Level on the Operation of Water Steam Ejector Unit
The ejector unit is intended for managing the vacuum level of the entire desalter. A change in the vacuum level can be achieved by either increasing the effi ciency of the ejector pump or replacing the ejector with another one. In both cases, an increase in the vacuum level leads to an increase in the ejector pump power and/or in economical expenses.
ANALYSIS OF THE INFLUENCE OF SEA WATER SALINITY ON THE EQUIPMENT EFFICIENCY
Salt concentration has a signifi cant effect on the heat capacity, density, and boiling point elevation. It does not affect the viscosity, thermal conductivity, and the surface tension [for example, see (World Ocean, 2012) ]. Different elements of the desalter can be united into groups by using this criterion. The centrifugal compressor and steam ejector operate with steam rather than with water, so its productivity is independent of the water salinity. The effi ciency of the heat exchangers and vaporizer-condenser units, on the other hand, depends signifi cantly on the salt concentration.
Water Salinity Infl uence on the Operation of Desalter Heaters
The water heat capacity depends on the salt concentration. The solution heat capacity c sol can be calculated by the equation sol salt w 1 100 100
where c salt is the dry salt heat capacity, b is the salt concentration, and c w is the water heat capacity. The solution heat capacity decreases linearly with increase in the salt concentration, as visible from Eq. (8). Thus, one unit of the distillate contains more heat energy, than one unit of the brine. So, the distribution of sea water for heating in the water-distillate heat exchanger (position 8 in Fig. 1 ) differs from that in the water-brine one (position 9 in Fig. 1 ). Figure 5 shows the distribution of heat energy contained in the distillate and brine (Blagin et al., 2016) . The unevenness in heat energy distribution is clearly visible in Fig. 5 . Furthermore, the difference between the heat energy content of the distillate and brine increases with the brine salinity. It has to be taken into account at the desalter design stage. Otherwise, the effi ciency of the water-brine heat exchanger will decrease with increase in the sea water salinity. On the other hand, the water-distillate heat exchanger capacity will not be fully used due to the limitations of the heat transfer surface area.
We used plate-fi n heat exchangers in our experimental facility, because of their compactness.
The calculation of heat exchangers 8 and 9 was carried out to verify the results of the analysis made above and to determine the sea water distribution between the exchangers. The calculation procedure is described below for the water-brine heat exchanger. For the water-distillate heat exchanger the calculation procedure was similar.
The heat energy balance equation is
where c w is the sea water heat capacity, G w is the sea water fl ow rate, ΔT w = T '' w -T ' w is the difference in the sea water temperatures between the heat exchanger outlet (T '' w ) and inlet (T ' w ), c b is the brine heat capacity, G b is the brine fl ow rate,
b is the differences in the brine temperature between the heat exchanger outlet (T '' b ) and inlet (T ' b ), K is the overall heat transfer coeffi cient, F is the heat transfer surface area, and ΔT ave is the average difference in the temperature:
From Eq. (9):
Then, Eq. (11) is transformed to
Equations (10) and (13) 
The brine temperature at the heat exchanger outlet is
The sea water temperature at the heat exchanger outlet is
The system of equations given above was used for calculating the change in temperature with a variation of the sea water salinity in the heat exchangers. The fi rst calculation was carried out for the case of constant distribution of sea water between the heat exchangers independently of the salinity. The calculation results confi rm that the sea water temperature at the heat exchanger outlet is decreased with increase in the salinity. It is shown in Fig. 6 .
A similar calculation was carried out for the water-distillate heat exchanger. The calculation results show that the distillate temperature at the heat exchanger outlet is increased with increase in the salinity. It is shown in Fig. 7 . It confi rms that heat transfer is not completed due to limitations of the heat transfer surface area.
Then the calculations were carried out taking into account the necessary redistribution of sea water in favor of the water-distillate heat exchanger. The temperatures at the heat exchanger outlets were equal to 60 o C. The ratios of the sea water fed to the water-distillate and water-brine heat exchangers are shown in Fig. 8 .
FIG. 6:
The sea water temperature at the heat exchanger outlet depending on the salinity
FIG. 7:
The distillate temperature at the heat exchanger outlet depending on the salinity
FIG. 8:
The ratio of sea water between the water-distillate and the water-brine heat exchangers for different salinities
Infl uence of Sea Water Salinity on Vaporizer-Condenser Operation
There is the effect of the boiling point elevation in solutions. An elevation of the boiling point leads to a decrease in the temperature difference and to the subsequent decrease in the heat power in the stage of the desalter. The decrease in the heat power leads to the decrease in the vaporization, in turn, causing a decrease in the distillate production.
Heat power losses ΔQ due to boiling point elevation in the desalter can be calculated with the help of the following equation (Slesarenko, 1999 
Here Q 0 is the "ideal" heat power of the vaporizer-condenser stage without the infl uence of salinity taken into account, Q real is the real heat power of the vaporizer-condenser stage, r is the heat of vaporization, t s is the steam temperature, t b is the brine temperature, and Δt elev is the boiling point elevation.
The losses of the vaporizer-condenser heat power can attain 50-70%. Heat power losses calculated for the desalter plant described in Slesarenko (1999) as a function of the salinity are shown in Fig. 9 .
CONCLUSIONS
A change in the vacuum level in different ways affects the desalter's elements during the facility working process:
• The operation of the steam compressor and ejector is hindered with increase in the vacuum level. That occurs because of the increase in energy consumption and dimensions of those units.
• The operational parameters of the heat exchangers used for the heating of sea water are improved. It happens due to the decrease in the heat transfer surface area that leads to a decrease in the mass and dimensions of the heat exchangers with increase in the vacuum level.
FIG. 9:
Vaporizer-condenser heat power losses due to the boiling point elevation
• The vaporizer-condenser operational parameters worsen slightly with increase in the vacuum level. They change because of the increase in the working medium viscosity. Besides, the heat power needed for heating sea water is also increased.
• Finally, the increase in the desalter vacuum level allows decreasing the power of the electric heaters, which are used at the desalter startup operation, due to the decrease in the sea water boiling temperature.
Thus, an increase in the vacuum level can be considered as a way of increasing the energy effi ciency of mobile desalination plants working in the on-off mode. The analysis of the infl uence of salinity on the heat exchangers operability showed that an increase in the sea water salinity leads to a decrease in its heat capacity. Thus, the heat transfer effi ciency shifts more to the distillate heat carrier than to the brine heat carrier. The sea water fl ow rates ratio has to be changed between the water-distillate and water-brine heat exchangers. This fact should be taken into account at the design stage of a desalter.
The analytical-numerical investigation was carried out on the experimental facility developed by the researchers of the S.P. Korolev Samara National Research University and JSC "Metallist-Samara."
The results of the analysis will be implemented for enhancing the operation of desalter.
